Aiming for the generation of high-precision thrust in the µN range, focused high-intensity laser pulses are used employing the recoil of the jet of the ablated material. Whereas a single laser pulse yields an extremely low impulse bit in the range of several nNs, a broad thrust range can be accessed by the variation of the laser pulse repetition rate up to several hundreds of kilohertz. A detailed laser parameter study is carried out for aluminum and gold as propellant varying the pulse length from 100 fs to 10 ns and the fluence from 0.09 to 23.8 J/cm 2 . Two different regimes of thruster operation with respect to laser pulse length and specific impulse are identified. Irrespective of the pulse length regime, optimum impulse coupling is found at laser spot fluences around 2 J/cm 2 for aluminum and 20 J/cm 2 for gold, respectively, with coupling coefficients in the range of 25 to 40 µN/W. For ultrashort pulses, jet velocities are rather small yielding a specific impulse in the range of 70 s to 200 s, whereas for longer pulses beyond ≈ 100 ps, I sp is found to be in the range of 500 to 1000 s and beyond enabling low propellant consumption. However, ultrashort-pulse laser ablation might be favorable since material can be removed very smoothly which might contribute to very low thrust noise.
Micropropulsion and laser propulsion
Microthrusters cover a great field of in-space applications where high precision in attitude and orbit control is required. Therefore, thruster specifications exhibit a broad range of mission-dependent parameters which are crucial for the selection of the appropriate propulsion technology. In the case of drag free ultra-high precision missions as, e.g., eLISA (Evolved Laser Interferometer Space Antenna) and the follow-ons of GOCE (Gravity field and steady-state Ocean Circulation Explorer) and GRACE (Gravity Recovery And Climate Experiment), the demands for long-term stability, thrust vector accuracy, and high thrust resolution in conjunction with low thrust noise constitute a great challenge for cutting-edge research and development. Common requirements in thrust accuracy are in the sub-µN range. 1) Momentum generation by laser heating and ablation of propellant material was firstly envisioned by A. Kantrowitz in 1972 . 2) Basically, this propulsion concept can be referred Trans. JSASS Aerospace Tech. Japan Vol. 14, No. ists30 (2016)
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to as electro-thermal propulsion, like, e.g., resistojet or arcjet thrusters, in contrast to electromagnetic or electrostatic thrusters. After numerous successful demonstration flights of small objects with a ground-based laser, 3) the usage of laser ablation for micropropulsion with an onboard laser was proposed by C. Phipps in 2002. 4) An extended review is given in Ref. 5).
Laser microthruster concept
Surrendering any moving components, our concept for micropropulsion by laser ablation (MICROLAS) should basically provide for low-noise thrust generation. The basic thruster principle is sketched in Fig. 1 . A pulsed solid-state laser source is used to ablate and accelerate little amounts of material from a metallic propellant target inducing very small impulse bits. For this purpose, the laser beam is focused by an objective and deflected towards the target surface by a mirror. Electro-optical components enable deflection (EO2) and focusing (EO3) the laser beam without any mechanical motion. Hence, the propellant surface can be scanned in three dimensions, since the variable focus length of the system of EO3 and objective allows for ablation of the target surface in layers as with strip mining. Since the pulse repetition rate can be varied over several orders of magnitude, e.g., from 1 Hz to 100 kHz, a broad range of thrust levels can be accessed using a fixed impulse bit.
Laser ablation of propellant material in layers has to be done with a certain hatching pattern, where the ablation craters of each single spot are superimposed to yield a rather smooth surface for the next ablation layer. However, depending on the choice of the ablation pattern, an increasing surface roughness might result from spot-by-spot laser ablation of a large propellant surface area. Since the impulse imparted from laser ablation is normal to the local surface, 6) surface roughness might yield thrust noise.
Scope of work
According to Ref. 7 ), surface quality after laser ablation greatly depends on the laser pulse length regime, namely short and ultrashort laser pulses, respectively. Profilometric analysis shows that in the short-pulse regime the target surface after ablation is rather rough and ablation craters exhibit an elevated crater rim since the heat affected zone in the remaining target material is comparatively large. 8) On the other hand, smooth surface layer ablation is reported by the usage of ultrashort laser pulses in the so-called laser milling process. 9) In our experimental work, first optimization studies on material removal in the ultrashort-pulse regime have been carried out 10) as well as promising thrust noise measurements in the short-pulse regime.
8) The specific impact of surface quality on thrust noise, however, still has to be investigated in detail by experimental studies.
Several compilations of experimental data on momentum coupling exist that include a variety of experimental setups with a great range of laser parameters, e.g., for aluminum, 11) titan, 12) and copper. 13) However, a theoretical description of momentum coupling which would allow for variation and optimization of laser parameters is only available for the short-pulse regime. 5, 14) For ultrashort pulses, in contrast, simulations on laser-ablative propulsion using the so-called Two-TemperatureModel 15) (TTM) have not been reported from other groups for the authors' knowledge which implies that a comprehensive comparison of laser-ablative propulsion with short versus ultrashort pulses is missing as well. Therefore, a numerical parameter study is reported here as a guideline for thruster layout in order to specify optimum working parameters comprising for the first time a wide range of pulse lengths and fluences in both pulse length regimes taking aluminum and gold as sample propellants in comparison.
Theory

Process dynamics of laser ablation
The theoretical description of laser-matter interaction with metals follows the TTM considering the target material to consist of two subsystems, namely the electron gas with temperature T e where the laser energy is absorbed
and the ion lattice with temperature T i receiving the absorbed energy from the electron gas by electron-phonon coupling
Electron-phonon coupling is related to a material-specific coupling time 7) τ i = c i /γ ei that is needed for material heating. For the propellant materials used in this study, electron-phonon coupling times τ i are in the picosecond range. Laser ablation with τ L << τ i belongs to the ultrashort-pulse regime whereas shortpulse laser ablation takes place with τ L >> τ i .
Figures of merit in laser-ablative propulsion
The main figures of merit in laser-ablative propulsion are the mass areal density µ a of the ablated material, the specific impulse I sp = ⟨ v jet ⟩ /g and the impulse coupling coefficient
as the ratio of the imparted impulse to the employed laser pulse energy (or mean thrust to average optical power). Their dependency on laser parameters is given as follows:
For short laser pulses, the dependency of the ablation depth d a = µ a /ϱ from the fluence Φ is described by
where
is the threshold fluence for laser ablation.
16)
With ultrashort pulses, laser absorption in the ablated plume can be neglected and Eq. (3) turns into
with the normalized fluence ξ = Φ/Φ 0 . Here, the ablation threshold can be derived from some material constants as described in detail in Ref. 16 ). Whereas, to the authors' knowledge, an analytical description of I sp and c m in the ultrashort-pulse regime is missing yet, for short pulses closed formulas exist that show their dependency on the laser parameters. 5) For low and moderately high fluences above Φ 0 , c m and I sp , respectively, can be written as
With higher fluences, ionization and strong plasma absorption take place in the plasma jet which leads to shielding of the target surface. Taking this phenomenon into account, one obtains
I sp = 652.8
For the transition between the two regimes, the Saha equation is used to derive a linear interpolation based on the ionization fraction of the plume. The highest coupling coefficient can theoretically be found at
Numerical Studies
Hydrodynamic simulations
We performed 1D hydrodynamic (HD) simulations with the Lagrangian code Polly-2T which was developed at the Joint Institute of High Temperatures (JIHT) at the Russian Academy of Sciences (RAS) and is described in great detail in Ref. 17) .
In Polly-2T, coupling of laser energy into the target material is implemented in the code via the Helmholtz equation. For the three terms on the right hand side of Eqs. (1) and (2), the interaction of laser irradiation with material is considered by applying a wide-range model for the material parameters κ e , γ ei , and ϵ which incorporates their dependencies on T e and, in the case of ϵ, as well on T i and ϱ.
For the left hand side of Eqs. (1) and (2), corresponding data for the changes in internal energy of the material as well as due to expansion and compression work, respectively, are taken from a database on semiempirical two-temperature multiphase equations of state (EOS). For our studies, EOS data and widerange material parameters were available for Al and Au.
To explore the characteristics of the short-pulse and the ultrashort-pulse regime, τ L was varied from 100 fs to 10 ns (steps: 
for Au, respectively. Though wavelength, beam polarization and incidence angle affect the ablation process as well, their influence is limited to moderate changes of target reflectivity and absorptivity. 8) Therefore, λ = 1064 nm, perpendicular incidence and circular polarization were taken as constant parameters.
Process characteristics
Ablation of metal targets by short laser pulses can be explained by photothermal mechanisms where material heating yields vaporization, with or without melting of deeper layers of the material. 16) This is illustrated in a typical density plot of our simulations, cf. Fig. 2 . The laser pulse arrives at the material surface at t = 0, with respect to the time of maximum intensity, while its temporal course can be described by a Gaussian with the corresponding pulse length. The target surface is heated and part of the material is vaporized inducing momentum to the remaining target.
Energy absorbed from ultrashort laser pulses does not significantly dissipate from the electron system to the ion lattice during the pulse.
7) Subsequent rapid material heating under nearly constant volume, i.e., stress confinement, yields a strong shock wave followed by a rarefaction wave which can exceed the maximum tensile strength causing material ablation by spallation of one or several layers (photomechanical or cold ablation). 18, 19) With higher fluences, ultrashort pulses lead to phase explosion where superheated material undergoes a metastable liquid state before it is ejected in a liquid-gas mixture.
18) This is usually accompanied by spallation, as can be seen in Fig. 3 .
An overview over the different processes that take place in laser irradiation of aluminum is given in Fig. 4 comprising heating and melting below Φ 0 , vaporization for short pulses, spal- lation for ultrashort pulses with moderate fluence and phase explosion for intensive ultrashort pulses. Findings for gold are rather similar, albeit with a higher ablation threshold, see below. As expected, the transition from the ultrashort-to the shortpulse regime is found around τ L = τ i , at approximately 25 ps for Al (τ i =4.27 ps 20) ), and ≈ 100 ps for Au (τ i =70.6 ps 20) ), respectively. The specific dependency of this transition pulse length from the fluence, however, can be ascribed to the temperature dependency of the stress confinement condition for photomechanical ablation. 21) These different types of ablation mechanisms exhibit large disparities in mass removal and average jet velocity, 22, 23) as might be deduced from a comparison of Fig. 2 and Fig. 3 , though in that specific case laser parameters do not differ greatly from each other. Therefore, knowledge of the figures of merit in both ablation regimes is of great interest.
Operational Parameters
For spallation and phase explosion, respectively, the relevant figures of merit, µ a , I sp , and c m , can easily be deduced from simulation data at the point in time when spallation of single layers due to the rarefaction wave has finished. In the case of vaporization, however, the asymptotic values of ablated mass and target impulse are derived from their temporal course.
Ablated mass
From the simulation results on ablated mass shortpulse and ultrashort-pulse regime clearly can be distinguished, cf. Fig. 5 . Large amounts of material are removed for spallation and phase explosion whereas vaporization only yields low material removal. 23 ) For a transition regime from 10 ps to 50 ps, material removal suddenly drops with higher fluence indicating that the rarefaction wave inside target does not exceed the ultimate tensile strength any more which results in vaporization instead of phase explosion or spallation. 21) The dependency of µ a from Φ can be fitted according to Eqs. (3), and (5), respectively, for both pulse length regimes. Fit results for Φ th are depicted in Fig. 6 . They show the dependency of Φ 0 on √ τ L for the short-pulse regime, cf. Eq. (4). In the ultrashort-pulse regime, Φ 0 varies by a factor of 2 to 3. Figure 7 indicates that the velocity of the ablation jet exhibits a complementary behavior compared with the ablated mass: The short-pulse regime is characterized by a high specific im- pulse, whereas only a low I sp can be found in the ultrashortpulse regime which again can be ascribed to the different ablation mechanisms. 23) Moreover, the dependency of I sp on the fluence is rather different in both regimes, cf. Fig. 8 .
Specific impulse
For ultrashort pulses, I sp quickly rises and soon reaches its asymptotic value. Corresponding fits on the dataset from 100 fs up to 5 ps pulse length (Al), and 25 ps (Au), respectively, with
are quite similar for all values of τ L yielding I sp,max = (191 ± 24) s (Al) and = (68 ± 7) s (Au), respectively, and a = (1.4 ± 0.1) J/cm 2 (Al) (4.8 ± 0.5) J/cm 2 (Au), respectively. The independency of τ L can be ascribed to the stress confinement condition of the phase explosion process. 21) Moreover, an increase of laser energy only yields an increasing mass removal, cf. Eq. (5), whereas the jet velocity appears to be limited which is in good agreement with experimental data for various metals, 13, 14) whereas other metals exhibit a decreasing or even increasing trend of I sp with increasing fluence.
12) In Fig. 8 it can be seen as well that the data for the highest fluence with Al at 10 ps already mark the transition to the short-pulse regime, cf. as well Fig. 4 .
In the case of short pulses, Eq. (9) was used to derive the simple fitting function
which gives values of a in the range of 590 to 1240 J −1/4 cm 1/2 s (Al, 100 ps to 10 ns), and 215 to 482 J −1/4 cm 1/2 s (Au, 250 ps to 5 ns). Though this fit shows a rather good correlation with simulation data, it should be noted that it is only a rough estimation since the implicit dependency of the mean ionization state Z on Φ, λ, and τ L is not taken into account here.
Impulse coupling coefficient
As a comparative example for short and ultrashort pulses, a detailed view on the fluence dependency of c m is shown in Fig. 9 . When exceeding the ablation threshold, a rather steep increase of c m is found. The fluence where c m reaches its maximum value c m,max is referred to as optimum fluence Φ opt , cf. Sec. 2.2., where optimum refers to efficiency of momentum coupling keeping in mind that, nevertheless, the imparted impulse itself can be increased with higher fluences even beyond Φ opt .
Summarizing the results for c m,max and ξ opt for all pulse lengths, the clear differences between both pulse length regimes blur, cf. Fig. 10 . Though obviously for aluminum pulse lengths around 10 ps are advantageous, reasonably high momentum coupling (≈ 25 to 30 µN/W) can be achieved nearly with any pulse length and both materials. In the ultrashort-pulse regime ξ opt is rather high which levels out, however, with respect to the increase of Φ 0 with τ L in the short-pulse regime, cf. Eq. (4). Moreover, it should be noted, that for gold with τ L ≤ 10 ps and τ L ≥ 5 ns c m,max was found at the high fluence limit of the dataset, therefore, ξ opt might even be higher in those cases.
Discussion
With respect to the achievable thrust we have found that c m is rather insensitive to pulse length and propellant choice: Peak values from 31 to 40 µN/W can be obtained for aluminum in the ultrashort-pulse regime, 24 to 30 µN/W with short pulses, and 22 to 30 µN/W for gold, irrespective of the pulse length. In any case, aluminum slightly outperforms gold concerning c m . Moreover, the required fluence Φ opt for maximum impulse coupling is around one magnitude lower for Al than for Au which is a clear advantage of Al.
Though this parameter study was restricted to Φ max ≈ 25 J/cm 2 , higher values of c m are not expected for greater fluences: In the short-pulse regime, material removal is restricted due to increasing plasma shielding of the target, 16) therefore, only I sp increases, cf. Eq. (9), whereas in contrast, I sp is limited in the ultrashort-pulse regime, as Comparing both propellants, aluminum clearly outperforms gold also due to the high I sp of Al compared to Au in both pulse length regimes. This is not supported, however, by experimental results for τ L = 4 ns, 25) cf. Table 1 , which significantly deviate for Au. This might be attributed to an insufficient modeling of material properties but then, an ablation efficiency of 1, as reported for Au in Ref. 25 ), seems to be overestimated. Moreover, the simulation results are supported by the trend that elements with a small atomic mass tend to exhibit a rather high I sp . 26) With Al, I sp exceeds even 1000 s which would be a significant improvement for micropropulsion in general.
For both propellants, however, I sp is around one magnitude higher in the short-pulse regime than for ultrashort pulses. In contrast, the experimental data on Al that allow for a comparison of both pulse length regimes do not reveal such significant differences.
14, 25, 27) However, experimental data for I sp might greatly be overestimated in the case of phase explosion, if the large contribution of slow liquid material should not be taken into account properly. Therefore, detailed experimental studies are required to shed some light on this issue, whereas our simulation results suggest that rather short than ultrashort pulses should be recommended for laser micropropulsion.
However, surface roughness after ablation is reported to be very low with ultrashort pulses compared to short pulses. We assume that low surface roughness yields low thrust noise, since inclination of local surface elements against the macroscopic surface plane should cause fluctuations in incident fluence, absorbed energy and impulse magnitude and direction. If so, ultrashort pulses would have to be used for the generation of thrust at a very low noise level, however, with a low I sp , i.e., large propellant consumption. In this case, gold might be the favorable propellant compared to aluminum, since τ i is significantly higher than with Al. This would allow a greater variety of employable laser sources, however, at the price of high fluences necessary for optimum impulse coupling.
Since our assumption on the impact of surface roughness on thrust noise is not proved up to now, we derived figures of merit for the prospective microthruster in both laser pulse regimes, calling these layouts accordingly ps-MICROLAS and ns-MICROLAS, respectively. The corresponding data are depicted in Table 1 , together with data of the nanosecond laserplasma thruster (ns-LPT) 25) from Phipps which, however, employs moving components.
For the MICROLAS data in Table 1 , d s = 40 µm, η eo = 0.1, ⟨F⟩ = 10 µN were anticipated and Φ = Φ opt was selected. The thrust-to-power ratio c t/p is derived from c m via c t/p = η eo · c m . It can be seen that the ns-MICROLAS concept outperforms the ps-thruster with respect to I sp .
The thrust-to-power ratio for the MICROLAS concept amounts around 3 µN/W and is nearly independent from propellant choice and laser pulse length. It should be noted, however, that oblique incidence of the laser beam requires higher laser power to obtain the same fluence.
Conclusion and Outlook
In a simulational study laser parameters have been varied in a wide range. Aluminum outperforms gold as propellant with re- 25) with Al and Au, respectively, as propellant: Φ, minimum impulse bit ∆p, I sp , thrust-to-power ratio c t/p , propellant consumptionṁ. Pulse length τ L is 10 ps and 0.5 ns, respectively, for MICROLAS and 4 ns for ns-LPT. 25 25) 63.6 0.90 3660 6.8 8.8
spect to operational fluence which is one magnitude lower than with Au and I sp being two times higher, whereas optimum coupling coefficients for both materials are in the range of 20 to 40 µN/W. In general, greater pulse lengths are more advantageous, since I sp is one magnitude higher in the short-pulse regime (nanoseconds) than in the ultrashort-pulse regime. However, layer-by-layer ablation in the short-pulse regime might yield strong surface degradation and large thrust noise. In this case, and if control loops should not compensate for thrust noise, ultrashort pulses would have to be used taking a loss of I sp . Moreover, if suitable lasers with sufficiently short pulses should not be available for in-space operation, a material with high τ i would have to be used. In this case, the choice of gold would require higher fluences and again yield a decrease of I sp .
Future work will focus on the correlation of surface roughness and thrust noise in combination with the development of control loops for laser operation to minimize thrust noise.
